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ABSTRACT
The use ofpre-heated silica gel and alumina along with a chlorinating agent,
generates HC1 in situ, which has been found to add to norbornadiene ( IX ). Treated in
this fashion, norbornadiene readily results in the formation of two isomers, exo-5-
chloronorbornene ( XI ) and 3-chloronotricyclene (XII ) at room temperature in
methylene chloride, with ejco-5-chloronorbornene being the predominant product ( 70%
1% ). In promoting the hydrohalogenation reaction, silica gel was found to be less
efficient compared to alumina, but undesired diadducts appeared to be less prominent
when silica gel rather than aluminawas used. Deuterated alumina and thionyl chloride in
methylene chloride solution was found to result in the addition ofDC1 to norbornadiene.
Three deuterated products: 29% exo,ejco-6-chlorobicyclo[2.2.1]hept-2-ene-5-d (XVII ),
14% ea,5>7i-5-chlorobicyclo[2.2.1]hept-2-ene-7-d ( XVTIa ) and 19% 5-
chlorotricyclo[2.2.1.02'6]heptane-3-d ( XV111 ), as well as the two undeuterated products,
27% ejco-5-chloronorbornene ( XI ) and 11% 3-chloronotricyclene ( XII ), were detected
by GC/MS analysis. A higher ratio ofXVU/XVlla for the catalyzed DC1 addition over
the uncatalyzed addition suggests that the surface of the alumina somewhat slowed
Wagner-Meerwein rearrangement during this reaction.
INTRODUCTION
A characteristic reaction of the carbon-carbon double bond of alkenes is an
addition reaction of the general type shown below ( Scheme I ). A specific example of
this addition is hydrohalogenation. There are two mechanisms possible for
hydrohalogenation: one is an ionic process, and the other is a radical process. The ionic
process involves the initial attack of a double bond by the electrophilic proton (
H*
) of a
hydrogen halide ( Scheme II,
E+
= H1",
Nu"
= halide ). Using hydrochlorination as an
example, a proton will be attracted to the 7t-electrons of the alkene and will bond such
that the more, ormost, stable carbocation is produced. The carbocation then traps
chloride ion to give theMarkovnikov product. Radical addition involves the formation of
a carbon radical, induced by, for example, peroxides formed from dissolved oxygen in
reagents. The oxygen is able to abstract a hydrogen atom from an organic molecule to
form peroxide and a carbon radical, which subsequently initiates the radical addition
leading to a predominance of anri-Markovnikov product. For example, The addition of
HBr tol-octene ( I ) occurs rapidly at room temperature with formation of anti-
Markovnikov product ( II ) to be the predominate product andMarkovnikov product
( TJI ) to be theminor ( Scheme TJJ )}
Although the addition of hydrogen halides to alkenes, one of the classical
reactions of organic chemistry, is sometimes thought of as simple, there are numbers of
experimental difficulties and limitations to the practical implementation of the reaction.
Hydrogen chloride does not add to alkenes readily unless the alkene is either highly
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strained or substituted such that very stable carbocationsmay formed. Thus the
hydrochlorination reaction proceeds at useful rates onlywhen activation is enhanced by
forming a stable carbocation or using a high-energy ( for example, strained ) reactant.
Hydrogen iodide adds at useful rates, but the anhydrous form ofhydrogen iodide is
difficult to make and expensive. Hydrogen bromide also adds readily to most alkenes,
but unless precautions are taken, addition usually involves competing of radical process
to give significant amount of the anti-Markovnikov product. Moreover, producing and
handling these gaseous, toxic and corrosive hydrogen halides and performing these
reactions with precision is an arduous task.1'2'3
It has been found that silica gel or alumina facilitates ionic hydrohalogenation of
alkenes, allowing the ready formation of alkyl chlorides that under uncatalyzed conditions
would proceed only slowly, if at all. It has also been found that this surface-mediated
addition happens selectively syn ( under conditions ofkinetic control ) and the pure ionic
nature of the reaction means no anri-Markovnikov addition ofHBr occurs. Moreover, the
use of various hydrogen halide precursors, such as thionyl chloride or oxalyl chloride,
alongwith the silica gel and alumina surfaces is a convenientmethod for the in situ
production of these gaseous reagents.
'
Cycloheptene ( IV ), which failed to react with HC1 in methylene chloride
solution at either 25C or - 78 C, resulted in rapid conversion to chlorocycloheptane
( V ) when silica gel was added to the reactionmixture. An even higher yieldwas found
if thionyl chloride was used instead bubbling hydrogen chloride gas through the solution
mixture ( Scheme IV )}
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Silica gel is a polymeric compound composed of a network of silanol groups. At
atmospheric pressure, silica gel absorbs moisture and thus hydrated hydroxyl groups are
formed on the surface. The degree of hydroxylation is a function of temperature. The
surface ofhydroxylated silica gel is heterogeneous, consisting of two types of regions
( Scheme V ). One of the regions has geminal silanol groups, Si(OH)2 (Via ), which
form hydrogen bonds by interaction with adjacent geminal groups (VIb ). The
dehydroxylation of this surface is believed to form a Si-O-Si siloxane bridge (Vic ) by
the reaction of hydroxyl groups on neighboring silicon atoms. The other type of region
consists of isolated silanol groups, which form in a hexagonal array of hydroxyl groups
with an O-O distance of 5 A, well beyond the limit of forming hydrogen bonding
( vn ).4,5
When silica gel has been equilibrated at 120C for 48 hours, the surfaces are
totally hydroxylatedwith some residual physisorbed water. The geminal sites constitute
about 15% of the total silanol
sites.17Because of the hydrogen bonding, the geminal
groups aremore acidic ( pKa 5-7 ) than their isolated counterparts ( pKa 9.5 ) and are
generally regarded as the active sites for promoting the hydrohalogenation reactions
( Villa, Scheme VI
).4 When hydrogen chloride is added to silica gel, the HCI
experiences enhancement of its acidity through hydrogen bonding interaction. ' First, the
HCI molecule directly bonds to the acidic proton of the hydroxyl groups on the surface
( VHIb in Scheme VI ). Then, the polarized H-Cl bond induces protonation of
cycloheptene at the surface ( VUIc, Scheme VI ). Finally, the chloride ion that was
weakly bonded to the hydroxyl group is transferred rapidly to the carbocation ( VHJd,
SchemeVI ). The product here is chlorocycloheptane ( VJJIe, Scheme VI ), a
10
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hydrochlorinated analog of the unsaturated startingmaterial.
It has been found that addition ofhydrogen chloride to norbornadiene ( IX,
bicyclo[2.2.1]heptadiene ) or its photoisomer quadricyclene ( X,
tetracyclo[3.2.0.0.0]heptane ) results in the formation of two isomers, exo-5-
chloronorbornene (XI ) and 3-chloronortricyclene ( XII ), as seen in Scheme
VII.6 Both
reactions give mainly the norbornenyl adduct ( XI ). This is unusual and interesting,
since most ionic additions to norbornadiene favor the homoalfylic rearrangement, or
nortricyclyl
product.7
When hydrogen chloride is bubbled into a solution containing norbornadiene, it
protonates one of the double bonds to form a carbocation intermediate. Two products, XI
andXII, are observed by gas chromatography. When deuterium chloride is used instead
ofhydrogen chloride, three products are revealed bymass spectroscopic analysis. These
results suggest that certain intermediates are generated allowing the positive charge be on
three possible positions ( Scheme VHI ). ' There are two types of rearrangements
involved as shown in Scheme IX. First, the norbornadiene molecule IX is protonated to
give the carbocationXlila. Next, an electron shift from the double bond gives XJJib
( homoalfylic rearrangement ). Finally, theWagner-Meerwein rearrangement results in
Xlllc.7 Alternatively, a set ofnonclassical cations can be proposed arguing that the
intermediates XJJia-XIIIc are not formed stepwise, but a single intermediate bearing a
partial positive charge on three carbons (XIV ) can be the precursor to all three products.
That is, chloride ion could add nucleophilically to each of the three positions.
6'7
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When deuterium chloride is bubbled into a solution containing norbornadiene,
three isomers are produced ( XVII, XVTJa andXVTH, Scheme XI ), corresponding to
chloride attacking each one of the three possible intermediates ( XV, XVa, XVI ). '
Mass spectroscopic analysis, gives the relative amounts ofnorbornenyl derivatives XVJi
and XV11a by taking advantage of the retro Diels-Alder fragmentation shown in Scheme
XII. The peak at m/z 66, attributed to the cyclopentadiene ( XIX ) fragment, is taken as a
measure of the proportion ofXVII. The peak atm/z 67 is due to fragment XlXa that is
taken as a measure of the proportion of
XVlla.6'9
A similar reaction takes place when hydrogen chloride is bubbled into a solution
containing norbornadiene ( Scheme XIII ). As the result of chloride attacking positively
charged carbons, only two products ( XI andXll ) are observed as per analysis by gas
chromatography. The product obtained throughWagner-Meerwein rearrangement ( XIa )
is merely enantiomeric to XI ( Scheme XIV ), and thus can not be distinguished by gas
chromatography.
In the earlier uncatalyzed HCI addition and in our silica gel or alumina surface-
mediated addition reactions, the norbornenyl adduct was always the predominate product
( Scheme XIII ). When anhydrous ferric chloride was added to the heated solution
mixture containing largely norbornenyl adduct ( XI ) and a little nortricyclyl adduct
( XII ), the nortricyclyl adduct becomes the predominate product. This is assumed to be
an equihbrium process and indicates that the nortricyclyl adduct is thermodynamically
more stable than the norbornenyl adduct, thus suggesting that the norbornenyl adduct is
the kinetically favored
product.6
17
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It has been shown that HCI addition to alkenes is preferentially syn in the presence
of alumina or silica gel. This is because the transfer of the chloride ion from the surface
to the intermediate happens very fast and thus the chloride ion in an ion-pair intermediate
has little time to migrate allowing anri-addition. A good example isl,2-dimethylcyclo-
hexene ( XX ) since when it is treated with oxalyl chloride in the presence of alumina , it
undergoes rapid addition ( Scheme XV ), and initially gives cw-l-cMoro-l,2-dimethyl-
cyclohexane ( XXla ) as the predominate product and /rans-l-cMoro-l,2-dimethylcyclo-
hexane ( XXIb ) as the minorproduct.1
It was our desire to study the hydrohalogenation of norbornadiene ( IX ) and
quadricyclene ( X ) under various experimental conditions mediated by alumina and silica
gel surfaces to gain understanding for themechanism of this process and therefore
develop useful methods of achieving isomer control. Isomer control would mean
formation of a greater proportion ofXI vs. Xll, and ofXV11 vs. XVlla and XV111.
20
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RESULTS AND DISCUSSION
When pretreated at 120C at atmospheric pressure for at least 48 hours, the
surface of silica gel or aluminawas found to promote hydrochlorination of norbornadiene
and quadricyclene in a solution containing either thionyl chloride or oxalyl chloride as the
chlorinating agent ( Scheme XVI ). This resulted in the formation of two isomers, exo-5-
chloronorbornene ( XI ) and 3-chloronotricyclene ( XJJ ). The mass spectra of these
products are shown in Figure I and Figure II. Identifying characteristics ofXI andXll
including mass spectra have been publishedpreviously.6Variations in experimental
parameters like catalyst, reaction time, solvent, and reaction temperature cause changes in
product ratios and yields. This information provides insight into the details of the
reaction mechanism.
Hydrochlorinationwas carried out by adding thionyl chloride to a reaction vessel
contain norbornadiene, pretreated silica gel, and methylene chloride solvent. After one
hour at room temperature, a mixture of 70% ( 1% ) ejco-5-chloronorbornene and 30% 3-
chloronotricyclene were obtained in 29% total yield. The norbornadiene was not entirely
consumed until the reaction time was extended beyond twelve hours ( Table 2 ). When
the one-hour reaction was carried out using alumina instead of silica gel, all of the
norbornadiene was consumed, and it gave rise to approximately the same product ratio of
XI and XJJ and a higher yield of 42% was obtained ( Table 1 ). It is known that a fully
hydroxylated surface of silica gel has an average of4.6 OH/100 A2, whereas a fully
9 1 0
hydroxylated alumina has 12.5 OH/100 A . So, with the same amount used, the active
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Figure I : The mass spectrum of ejco-5-chloronorbornene
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Figure II : The mass spectrum of 3-chloronortricyclene
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Table 1 : Hydrochlorination Using Alumina Catalyst
Mole ratio of
Norbornadiene/
SOCb
Solvent Time
(hrs)
XI % xn% Yield
(XI +XD)
%
1:2 CH2C12 1 70.7 29.3 *
1:2 (a) CH2C12 1 73.0 27.0 33.0
1:2 CH2C12 1 71.1 28.9 41.7
1:2 CH2C12 6 68.7 31.3 41.9
1:2 1,4-Dioxane 2 63.3 36.8 **
spilled during purification step prevented yield calculation based upon solution concentrations.
** evaporation losses ( reaction solvent ) prevented yield calculation based upon solution concentrations.
(a): quadricyclene was used instead of norbornadiene.
rable 2: Hydrochlorination Using Silica Gel Catalyst
Mole ratio of
Norbornadiene/
SOC12
Time
(hrs)
XI % xn% Yield
(XI+XH)
%
Net Yield
(XI +XE)
%
1:2 1 69.9 30.1 28.8 34.7
1:2 2 71.0 29.0 * *
1:1 1 70.2 29.8 18.6 25.6
1:1.5 1 69.0 31.0 17.9 21.9
1:2 2 70.1 29.9 37.9 w 39.0
1:2 6 68.0 32.0 55.8 (b) 55.8
1:2 1 69.2 30.8 25.3 (c) 33.0
1:2 10 min 67.1 32.9 1.5 (c) 2.2
1:2 12 69.2 30.8 53.0 53.0
1:2 72 60.2 (d) 34.2 * *
1:2 1 73.5 26.5 1.2 (e) 1.6
1:2 6 46.6 53.4 6.3 (e) 9.1
1:2 72 44.4 55.6 25.4 (e) 28.1
1:2 1 ND ND -
1:2 1 79.4 20.6 19.6 <*> 20.1
(b) 60g of silica gel was used instead of standard 30g
(c) (COCT)2 was used replacing SOCl2 as the chlorinating agent
(d) 5.6% diadduct was formed ( gas chromatography )
(e) Anhydrous ethyl ether was used replacing methylene chloride as the reaction solvent
(f) 1,4-dioxane was used replacing methylene chloride as the reaction solvent
(g) Hexane was used replacing methylene chloride as the reaction solvent
25
SchemeXVI
SOCI2or(COCI)2
or Silica gel orAlumina
solvent
ci
XI XII
Scheme XVH
SOCl, Silica gel
CH2CI2
72 hrs, RT
ci
ci ci
26
site that responsible for promoting the hydrochlorination on the surface of silica gel is
much less than alumina. Under the same experimental conditions, alumina yielded more
products than silica gel.
When 60g of silica gel ( instead of 30g ) was used for at two hours, not
surprisingly, almost all of the norbornadiene was consumed and a 39% yield was
obtained. When the run time was extended to six hours with 60g silica gel, virtually all
of the norbornadienewas consumed and a 56% yield was detected by gas chromatography
( Table 2 ). Comparing the results of all the experiments carried out with silica gel at
room temperature inmethylene chloride suggested that the amount of silica gel used and
the reaction run time played important rolls on the product yield, but had little to do with
the XI to XII product ratio.
When the reaction time was extended to 72 hours using silica gel as the catalyst at
room temperature ( Table 2 ), the proportion of 3-chloronotricyclene was slightly
increased from 30% ( 1% ) to 34% and the proportion of ejco-5-chloronorbornene had
decreased from 70% to 60%, with formation of 6% dichloro adduct ( Scheme XV11 ).
Anothermember of our lab,William P. Gallagher ( whose research projects mainly focus
on dichloro adducts ) found that the formation of dichloro adducts was favored by use of
alumina rather than silica gel. Under alumina catalyzed hydrochlorination conditions,
after six hours in hexane, the formation of the diadducts could reach over 90% in total
( Table 4
).n Ifwe assume that the formation of dichloro adducts came only from
protonation of the remaining double bond in exo-5-chloronorbornene ( XI ), the
dichlorinated products then can be considered as a derivative ofXI only, and thus by
27
^able 3: Hydrochlorination Using Deuterated Alumina Catalyst
Temp. (XI+XvTI+XVIIa)
%
(xvin + xn) xvna/xvn
%/%
Desteration
"
%
25 C 69.2 30.8 32.3 / 67.7 63.3
0C 70.4 29.6 35.0/65.0 65.3
-78 C 73.0 27.0 36.3/63.7 26.4
25 C (c) 66.3 33.7 37.8/62.2 20.9
Table 4: Formation ofDiadducts ( W. P. Gallagher
)n
Alumina ( g ) Solvent Time ( hrs ) XI XII Diadduct
30 1,4-dioxane 1 68% 32% ND
30 Hexane 3 51% 23% 26%
60 Hexane 1 44% 20% 36%
60 Hexane 1 47% 19% 34%
60 Hexane 6 1% 3% 96%
60 Hexane 6 i i 92%
60* Hexane 1 78% 22% ND
30* 1,4-dioxane 4 17% 83% ND
[h): silica gel was used instead of aluinina
(i): data not available
Table 5: Inter-conversion BetweenNorbornadiene and Quadricyclene
during the Reaction ofQuadricyclene with Oxalyl Chloride andAlumina
( R. Bader
)14
Time Temp C) c'c i . - , : ene 11 % netbomadieoe
2min. 26 88 12
60min. 26 23 77
120min. 26 36 64
240 min. 26 17 83
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combining the proportions of ejco-5-chloronorbornene and diadducts, we have an idea as
to products associated withXI. Results obtained in such fashion again show that the
norbornenyl adduct is the predominate product for catalyzed hydrochlorination in
methylene chloride or hexane solvent. For example, when the reaction was promoted by
60g alumina using hexane solvent at room temperature, after one hour, 44% exo-5-
chloronorbornene and 36% diadductwere obtained, ( Table 4 ), and thus based on our
assumptions, a total of 80% norbornenyl adduct was formed at one time in this reaction.
With both silica gel and alumina, there appeared to be a solvent effect, with the
more polar solvent favoring the homoallylic rearrangement product leading to 3-
chloronotricyclene. For example, when the reaction was promoted by alumina using 1,4-
dioxane solvent, 37% 3-chloronotricyclene was obtained, whereas methylene chloride, a
less polar solvent, gave only 29% ( Table 1 ). In the case of silica gel, the proportion of
ejco-5-chloronorbornene increased to 80% when hexane was used ( Table 2 ). With ethyl
ether, a more polar solvent, after six hours, the thermodynamically favored product 3-
chloronotricyclene became slightly predominant ( Table 2 ). All these results suggest
that the carbocation has a longer life in the more polar solvent giving it a chance to
rearrange to the precursor to 3-chloronotricyclene. After the norbornadiene is protonated
by a process on the surface of the silica gel or alumina, the initially formed intermediate
(Xllla ), which gives the norbornenyl adduct, is trapped quickly in the less polar solvent,
minimizing rearrangement. In the case of the dichloro compounds,William P
Gallagher's data revealed that diadduct formation was favored in the less polar hexane
solvent ( Table 4 ). This suggests that HCI, or its equivalents are less reactive in polar
solvent. Another possibility is that the more polar solvent deactivates the norbornenyl
29
adduct, hence preventing a second HCI addition. In other words, the carbocation
necessary to from the diadduct forms less readily in the non-polar solvent.
Ethyl ether has lone-pair electrons that can serve as hydrogen bond acceptors, and
thus ether can bond to the hydroxyl group on the surface of silica gel. When thionyl
chloride is added to a stirred suspension of silica gel in ethyl ether, the active sites of
silica gel may have been alreadywell blocked by ethyl ether through hydrogen bonding.
Hence, the HCI molecule has to compete with ethyl ether over the activate sites on the
surface, which results in slow addition. After one hour of reaction time, only about a 1%
yield of product was detected. When the reaction time was increased to 72 hours, the
yields increased to 25%, but still left unreacted norbornadiene ( Table 2 ).
It has been reported that for hydrochlorination reaction, oxalyl chloride combined
with alumina provided the best results.3Using silica gel, both thionyl chloride and oxalyl
chloride seemed to work fine, although not as good as with alumina. A "standard" ratio
of 70% ejco-5-chloronorbornene vs. 30% 3-chloronotricyclene was observed ( Table 2 ).
The molar ratio between the two reagents, norbornadiene and thionyl chloride, has also
been studied using silica gel catalysis ( Table 2 ). The relative proportions of the
products for all three experiments stayed constant, whereas using a 1:2 molar ratio
( norbornadiene : thionyl chloride ) gave a higher yield than when 1:1.5 and 1 : 1 molar
ratios were used.
Norbornadiene and quadricyclene are photoisomers, and the conversion of
quadricyclene to norbornadiene can be achieved readily ( Scheme XVHI
).12
Quadricyclene also undergoes hydrochlorinationwhen thionyl chloride was added to
pretreated alumina and methylene chloride solvent ( Scheme XVI ), affording 73% exo-5-
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chloronorbornene and 23% 3-chloronotricyclene with 33% yield after one hour at room
temperature ( Table 1 ). A graduate student in our laboratory, T. Greenwood, found that
when hydrochlorination was carried out by alumina in ethyl ether solvent under room
temperature, after one hour neither quadricyclene nor norbornadiene were totally
consumed. Analysis revealed that 98% norbornadiene remained as starting material in
both reactions. R. Bader, another undergraduate research student working in our
laboratory, carried out other studies. By tracking the percentage ofunreacted
quadricyclene versus percentage of unreacted norbornadiene during the reaction of
quadricyclene with oxalyl chloride and alumina at room temperature, she obtained
increasing amounts of unreacted norbornadiene with increasing reaction time
( Table 5
).14 This suggests that hydrochlorination of quadricyclene is accompanied by
conversion of quadricyclene to norbornadiene, and the product formed in this reaction has
formed to a significant degree by hydrohalogenation of norbornadiene.
The surface ofy-alumina is heterogeneous, similar to the surface of silica gel, but
basic. As a result of equilibration with atmospheric moisture at 120C for at least 48
hours the surfaces of alumina are terminated by amonolayer ofhydroxyl groups.15'16
This monolayer, however, is not the site ofhydrochlorination. There are some sites
consisting of an oxide ion and adjacent exposed aluminum cation that formed by removal
of chemisorbed water on at 120C. Neutralizing these sites, the hydrogen chloride
provides the active sites that promote the reaction ( SchemeXIX
).2 Besides catalyzing
the addition reaction, the surfaces also hydrolyze the hydrogen chloride precursors. The
formation ofHCI involves the reaction of the chlorinating precursors with residual water
physisorbed to the surface and / or with hydroxyl groups on the surface itself. When
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alumina being replaced by deuterated alumina, which containing mostly a monolayer of
deuterium oxide, hydrolysis of the precursors would results in the formation of deuterium
chloride. This could then lead to the addition ofDO to norbornadiene.
Deuterated alumina ( commercially available fromAldrich ) and thionyl chloride
in methylene chloride solution were found to result in the addition ofDC1 to
norbornadiene ( Scheme XX ). Three deuterated products: ejco,ejco-6-chloro-
bicyclo[2.2.1]hept-2-ene-5-d ( XVII ), ejco,anri-5-chlorobicyclo[2.2.1]hept-2-ene-7-d
(XVlla ) and 5-chlororricyclo[2.2.1.02'6]heptane-3-d (XVm ), as well as the two
undeuterated products of exo-5-chloronorbornene ( XI ) and 3-chloronotricyclene ( XII )
were detected by GC/MS ( Scheme XXI ). The mass spectra of the deuterated product
are shown in Figure HI and Figure TV.
Ifwe compare the earlier results obtained from the non-catalyzedDO addition,
which gave a ratio of43%/57% forXVlla/XVJl, to the surface catalyzed addition, which
gives a ratio of 32.3%/67.7% ( Table 3 ), it is clear that there is lessWagner-Meerwein
rearrangement in the catalyzed addition. The fact that catalyzed reaction disfavors the
rearranged adduct ( XVQa ) may be due to the rapid trapping of the cation by chloride
ion. Once the norbornadiene is protonated, the chloride ion traps the intermediate before
it has time to rearrange. As the reaction temperature is decreased, we find that the ratio of
theWagner-Meerwein rearrangement product (XVlla ) increases slightly from 32% to
36% and the 1,2-addition product (XVH ) decreases from 68% to 64% ( Table 3 ).
Since the overall proportion of the norbornenyl adduct has slightly increased as the
reaction temperature decreases, we again conclude that the norbornenyl adduct is the
kinetic product.
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Figure HI : The mass spectra of 39% e;ce>-5-chloronorbornene
41% exo,e:co-6-chlorobicyclo[2.2.1]hept-2-ene-5-d and
20% ex0,anfz'-5-chlorobicyclo[2.2. l]hept-2-ene-7-d
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When oxalyl chloride was used in the catalyzed DC1 addition of norbornadiene,
both the proportions ofWagner-Meerwein rearrangement product and of homoallylic
rearrangement products increased slightly compare to the results obtainedwith thionyl
chloride. Since oxalyl chloride is aweaker chlorinating agent than thionyl chloride, the
addition apparently is slow enough to allow equilibration of the intermediate, leading to
larger amounts of rearranged products.
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EXPERIMENTAL
Standard Preparative-Scale Hydrochlorination Reaction. A sample of 30 g of230-
400 meshMerck grade 9385 silica gel ( Aldrich cat. no. 22,719-6 ), which had been
equilibrated at 120C for at least 48 hours, was placed into a 500 ml three neck round-
bottomed flask under N2. After the contents of the flask had cooled, 250 ml ofmethylene
chloride ( J. T. Baker, cat. no. 9324-01 ) and 0.05 mole ( -4.6 g ) ofbicyclo[2.2.1]hepta-
diene (norbornadiene, Aldrich, cat. no. B3,380-3 ) were added and the mixture was stirred
with a magnetic stirrer at room temperature. The reaction was initiated when 0.10mole
( ~1 1.9 g ) of thionyl chloride ( Aldrich, cat. no. 23,046-4 ) was added to the flask.
After one hour, the methylene chloride solution was decanted from the silica gel
to stop the reaction. The remaining silica gel in the flaskwas washed with an additional
75 ml ofmethylene chloride and the washes were combinedwith themother liquor. The
methylene chloride solution was then filtered throughWhatman ( cat. no. 1001 125 )
filter paper to remove any residual silica gel. The residual thionyl chloride inmethylene
chloride solution was removed bywashing four times with 500 ml of 1M aqueous sodium
carbonate solution. The solution was then gravity filtered after drying with anhydrous
sodium sulfate. BHT ( butylated hydroxyl toluene ) was added (1% wt/wt ) to keep the
product from polymerizing. After the methylene chloride was removed by rotary
evaporation, the mixture was analyzed by gas chromatography.
Purification was done by flash chromatography usingmethylene chloride and
silica gel. The fraction of the eluent containing the products was collected. After the
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solvent was removed by rotary evaporation, the mixture was distilled. Amixture of 70%
e*>-5-chloronorbornene and 30% 3-chloronortricyclene was obtained.
Analyzing Samples by Gas Chromatography. A Hewlett Packard 5890
capillary gas chromatographywith FID detector andHP-5 column ( 30m x 0.25 mm,
0.25 urn film thickness, part no. 19091J-433 ) was used. The split flow rate was 1.0
ml/min. Both the injector and the detector temperature were set at 250C. The oven was
initially 100C, and then it was increased to 250C at 10 C/min., and finally stay at 250
C for15 min, in order to clean the BHT in the column. The injection volume was 1.0 |xl.
The chromatogram gave the following response ofmethylene chloride at 1.77 min.,
norbornadiene at 2.65 min., ejco-5-chloronorborene at 8.22 min. and 3-chloronortricylene
at 10.41 min.
Analysis ofProducts by GC/MS. All spectrawere obtained on aHewlett
Packard 5995 gas chromatography /mass spectrometer with HP-5 column ( 30m x 0.25
mm, 0.25 (xm film thickness, part no. 19091J-433 ), using the parameters indicated for
gas chromatographic analysis.
Synthesis of exo-5-Chloronorbornene and 3-ChloronortricycleneMixture. A
charge of 250 ml ofmethylene chloride containing 4.618 g ( -0.05 mole ) of
norbornadiene was added to a 500ml three neck round-bottomed flask containing 30.047
g of silica gel. The silica gel had been pretreated at 120C for at least 48 hours and
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cooled to room temperature under N2. Themixture in the flask was stirredwith a
magnetic stirrer at room temperature. The reaction started when 1 1.9g ( -0.10 mole ) of
thionyl chloride was added to the flask. The reactionwas carried out under N2 for one
hour and the methylene chloride solution was prepared according to the Standard
Preparative-Scale Reaction procedure. Amixture of 69.9% exo-5-chloronorborene,
30.1% 3-chloronortricylene and 16.8% unreacted norbornadiene was detected and
analyzed by gas chromatography. This mixture weighed 1.501g ( 28.8% yield, or 34.7%
net yield, if corrected for unreacted norbornadiene ). GC/MS spectra confirmed the
formation of these compounds.
Synthesis of ex:o,exo-6-Chlorobicyclo[2.2.1]hept-2-ene-5-d, exo,anti-5-
Chlorobicyclo[2.2.1]hept-2-ene-7-d and 5-Chlorotricyclo[2.2.1.02'6]heptane-3-d, exo-
5-Chloronorbornene and 3-ChloronotricycleneMixturewith Deuterated Alumina.
Approximately 20g of aluminum oxide, deuterated ( Aldrich, cat. No. 36,347-2 ) was
placed into a test tube sealed with high purity N2 in a drying pistol. The deuterated
alumina was equilibrated at nearly120 C in a drying pistol heated by refluxing 3-
pentanol ( b.p.l 14-116 C ). After 48 hours, 15.031g of so-treated deuterated alumina
was combined with 2.305g ofnorbornadiene and 125 ml ofmethylene chloride, which
was previously distilled from calcium
chloride.18 The reaction was carried out under high
purity N2 when 5.948g of thionyl chloride was added into the stirred solution. The
reactionwas stopped at one hour and the methylene chloride solution was prepared using
the same procedure described in the Standard Preparative-Scale Reaction. This
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afforded a 1.728g ( 33.3 % yield ) mixture of29% exo,exo-6-chlorobicyclo[2.2.1]hept-2-
ene-5-d, 14% exo,ari-5-chlorobicyclo[2.2.1]hept-2-ene-7-d, 19% 5-
chlorotricyclo[2.2.1.02'6]heptane-3-d, 27% exo-5-chloronorbornene and 1 1% 3-
chloronotricyclene, as per analysis by GC/MS.
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